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INTRODUCTION
For many years, in vitro transcription/translation has been widely used for the synthesis of analytical amounts of proteins. In vitro translation bypasses many aspects of cellular function, thereby offering potential advantages over cellbased expression, especially when producing cytotoxic, unstable, or insoluble proteins. Another advantage of cell-free translation systems versus cell-based systems is that various kinds of modified "unnatural" amino acid labels can be incorporated into proteins efficiently and at a low cost. Furthermore, by eliminating the need to manipulate whole cells in culture, in vitro translation systems would be highly amenable for the automated, high-throughput expression of large numbers of proteins. Despite these potential benefits, the very low productivity (usually less than 30 µ g protein/mL reaction) (1) of other commercial cell-free protein expression systems limits the applicability of these systems. Consequently, they are unfeasible alternatives to cell-based expression. Current commercially available in vitro translation systems utilize mRNA and lysates from prokaryotic ( E. coli ) or eukaryotic (wheat germ or rabbit reticulocyte) sources to supply all necessary components for transcription/translation. The reactions contain limited quantities of small molecular substrates and energy sources and drive expression only for 2-3 h, resulting in low total protein yields.
The hurdle of limited small-molecular-weight substrate supplies and energy sources was overcome either by improving energy regeneration systems (15) or by continuously replenishing low-molecular-weight substrates and removing inhibitory reaction products (2, 19) . The latter modification extends the in vitro transcription/translation reaction for periods of more than 24 h, increasing yields of protein to hundreds of micrograms per mL of reaction. Others have reproduced and convincingly demonstrated the merits of this modified technology (5, 6, (12) (13) (14) . The Rapid Translation System (RTS 500) incorporates these advancements and enables the rapid production of preparative quantities of protein.
The RTS 500 uses a small, two-compartment device for the transcription/translation reaction ( Figure 1 ). Transcription and translation (based on a modified E. coli lysate) occur within the reaction compartment (1 mL volume). The feeding compartment (10 mL volume), separated from the reaction compartment by a semi-permeable membrane (10 kDa cutoff), contains a large supply of energy components and amino acids. The concentration of these small molecules has been extensively optimized for maximal performance of the system. Small molecules freely diffuse across this semi-permeable membrane. Inhibitory reaction end products from the reaction compartment diffuse down the concentration gradient into the feeding compartment. By this same mechanism, essential substrates are replenished into the reaction chamber as they are utilized. The high yields of protein from the RTS 500 now make in vitro transcription/translation a possible alternative to cell-based methods for the production of preparative amounts of recombinant protein (10, 17, 20) .
We performed three challenging protein expression experiments to investigate the capabilities of the RTS 500. In the first experiment, we tested whether it was possible to express a toxic protein. Lunasin, a toxic polypeptide derived from the small subunit of soybean cotyledon-specific 2S albumin, prevents cell division in mammalian cells and causes aberrant cell division in bacteria (6) . Because of these characteristics, lunasin has been impossible to produce, as either a polypeptide or a GFP-fusion protein, in sufficient quantities, using cell-based systems. In the second set of experiments, we investigated whether it would be possible to express soluble and functional human interleukin-2 (IL-2) with the RTS 500 because IL-2 often forms insoluble aggregates in E. coli (8, 9, 21) . The ability to co-express two or more genes is of great interest for many applications, including protein-protein interaction studies; therefore, we tested the simultaneous expression of green fluorescent protein (GFP) and chloramphenicol acetyltransferase (CAT) in the RTS 500.
MATERIALS AND METHODS
All components of the Rapid Translation System, consisting of the RTS 500 Instrument and the RTS 500 E. coli Circular Template Kit, were provided by Roche Molecular Biochemicals (Indianapolis, IN, USA). All standard expression experiments in the RTS 500 were performed according to the supplier's instructions. The lyophilized components supplied in the RTS 500 E. coli Circular Template Kit were reconstituted and mixed according to the manufacturer's instructions ( Figure 1 ). The two compartments of the RTS 500 reaction device were filled with the appropriate solutions, and the reaction was run in the RTS 500 instrument. Reaction conditions were varied for optimized expression of human recombinant IL-2. The investigated parameters include plasmid amount (5-20 µ g), reaction temperature (25ºC-37ºC), and time of expression (2-24 h) ( Figure 3 , A and B). Optimized reaction conditions were as follows: 15 µ g plasmid DNA, with a stirring rate of 120 rpm, at 30ºC for 24 h. Standard reaction conditions, as described in the kit instructions, were used for the expression of GFP-lunasin and the co-expression studies with GFP and CAT.
Cloning
The pIVEX family of expression plasmids has been optimized for use with the RTS 500 and is included in the RTS 500 E. coli Circular Template Kit. The plasmids include a T7 promoter, T7 terminator, and flanking multiple cloning sites. Both N-and C-terminal hexa-his containing vectors are supplied, as well as a plasmid-encoding wild-type GFP (positive control). The plasmid sequences and maps of pIVEX are available at http://proteinexpression.com. The expression plasmid for GFPlunasin was constructed by inserting a cDNA, which encodes a fusion protein, between GFP and lunasin (6). This complex was then cloned into pIVEX 2.4a, between the Nco I and Sma I sites. Similarly, the PCR-generated DNA fragment, containing the mature human IL-2 coding region, was cloned between the Not I and Pst I sites of pIVEX2.4a. The Corynebacterium glutamicum gene, encoding CAT cDNA, was cloned into pIVEX1.3, between the Nco I and Sma I restriction sites. A PCR product containing the complete coding region of cycle 3 GFP (4) was similarly cloned into pIVEX2.2, between the Nco I and Sma I restriction sites. The sequences of all expression plasmids were verified by DNA sequencing.
Purification and Quantification of GFP-Lunasin and IL-2
To generate sufficient protein for bioanalysis, GFP-lunasin fusion protein was produced in 10 separate (1 mL) expression reactions. The contents of the reaction compartments were pooled and purified using a Ni-NTA column (Qiagen, Hilden, Germany). The concentration of purified GFP-lunasin was estimated using SDS-PAGE, with a comparison against a known concentration of purified, recombinant GFP (Roche Molecular Biochemicals). IL-2 was also purified using Ni-NTA column chromatography. The concentration of purified IL-2 was estimated by ELISA (Bender MedSystems, Vienna, Austria). 
Biological Activity of GFP-Lunasin Fusion Protein Using NIH 3T3 Focus-Forming Assay
To verify the biological activity of the lunasin fusion protein, we compared the ability of GFP-lunasin to inhibit foci formation to lunasin, a chemically synthesized 40-amino-acid peptide (Reference 7 and unpublished data). NIH 3T3 cells were plated at a density of 7 × 10 4 cells/well on a 6-well plate. On day 2, 250 ng mutant H-ras(G12V) plasmid DNA per well was delivered by transfection. After transfection, there were equal molar concentrations (1 µ M) of chemically synthesized lunasin and GFP-lunasin fusion protein. PBS was used instead of lunasin in the control wells. On day 4, the cells were split 1:6. Each well of transfected cells was transferred into six new wells. The media was changed as needed; however, no additional lunasin was added after day 4. On day 21, the cells were fixed and stained with crystal violet, and the foci were counted.
Functional Activity Testing of IL-2 through the Generation of LAK Cells
The biological activity of IL-2 produced using the RTS 500 was assessed by its ability to stimulate lymphokine-activated killer (LAK) cell killing. LAK activity was determined using a standard 4-h 51 Cr-release assay (3). The natural killer (NK)-resistant Burkitt lymphoma cell line, Daudi (ATCC no. CCL243), was used as the target. The amount of active IL-2 was determined by a comparison with an IL-2 standard (Shionogi, Osaka, Japan).
Western Blot Analysis of Co-Expressed GFP and CAT
Equal amounts of plasmid DNA, encoding CAT and GFP, were added for both multiple plasmids (7.5 µ g/plasmid) and individual plasmids (15 µ g) to an RTS 500 reaction. After 24 h, the proteins were analyzed by western blotting. Immobilized GFP and CAT were both detected using anti-His6 antibody, followed by anti-mouse IgG conjugated to alkaline phosphatase. They were then visualized using NBT/BCIP as the substrate. Western blot detection reagents were provided by Roche Molecular Biochemicals.
RESULTS AND DISCUSSION
The RTS 500 was used in this study to successfully express two functional proteins that are either impossible or difficult to obtain in preparative quantities from cell-based expression systems. Studies of the biological function of lunasin have previously only been possible through the chemical synthesis of the polypeptide (6). The fact that 270 µ g lunasin-GFP fusion protein were easily expressed and purified from 10 mL pooled RTS 500 reaction-compartment contents (Figure 2A) illustrates a major advantage of the RTS 500 over cell-based expression (when expressing toxic proteins). Figure 2 shows the majority of GFP-lunasin fusion protein was produced in the soluble fraction; however, some insoluble product was present. NIH 3T3 cells, treated with purified GFP-lunasin, showed a 50% reduction in the number of oncogenic ras -induced foci. This result was comparable, on a mole-to-mole basis, with the result obtained using a chemically synthesized 40-amino-acid residue (i.e., lunasin polypeptide) ( Figure 2B ). Other cell-toxic proteins, such as MID1 (microtubule-binding protein) (personal communication, A. Luckling, Max-Plank Institute), have also been expressed using the RTS 500.
Solubility problems are commonly encountered when attempting to express proteins in E. coli . For example, human IL-2 requires tedious optimization of solubilization and refolding processes to obtain a soluble, active protein. Insoluble IL-2 produced in E. colicontains inappropriately formed disulfide bonds that must be reduced and reformed under precisely controlled conditions. The RTS 500 is more reducing environment for cysteine than intact E. coli cells. This may prevent the formation of inappropriate disulfide bonds and results in increased solubility of IL-2 in the RTS 500. Very little optimization was needed to produce soluble human IL-2 in the RTS 500 with yields up to 600 µ g/mL ( Figure 3A) . The material stimulated the generation of LAK activity, with a bioactivity that was nearly identical to commercially available IL-2 standard produced in bacteria ( Figure 3C ). Rapid optimization of human IL-2 expression was easily achieved because of the "open" nature of the RTS 500. The amount of protein produced could be easily monitored by obtaining samples (at anytime during the reaction) from the upper compartment of the RTS 500. When adding different amounts of plasmid, the amount of soluble IL-2 protein produced reached a plateau at about 15 µ g plasmid DNA ( Figure 3A) ; however, there may have been a slight reduction of productivity at 20 µ g. Figure 3B shows the optimal temperature for the expression of IL-2 to be 30ºC. Expression at 37ºC caused a marked decrease in IL-2 production. The total yield of protein reached a plateau at 24 h. Although soluble IL-2 was produced in the RTS 500 using the standard reaction mixture, other insoluble proteins produced in solution by adding different solublization reagents. For example, murine endostatin, an insoluble protein when expressed in E. coli (16, 22) , has been successfully expressed as a soluble protein using this system and adding purified E. coli chaperones to the reaction. While cellular systems are capable of expressing multiple proteins in a single experiment, it is much easier to accomplish this in an in vitro transcription/translation system. To express multiple proteins from different plasmids in bacteria, each plasmid must encode a different antibiotic resistance marker and have compatible origins of replication (11) . In contrast, multiple plasmids may simply be added to the reaction mixture when using the RTS 500. Using 15 µ g plasmid and optimized conditions, GFP alone was typically expressed at 600 µ g/mL reaction, while under the same conditions, CAT produced 900 µ g/mL. However, when GFP was co-expressed with CAT (7.5 or 15 µ g each plasmid), only the expression of GFP was reduced, relative to GFP expressed alone. The amount of CAT expressed during co-expression with GFP was remarkably similar to the amount CAT expressed alone ( Figure 4A) . A reduction in the yield of protein is often observed when expressing multiple proteins using the RTS 500.
Although only two plasmids were added simultaneously in our example, many plasmids could theoretically be expressed in a single experiment. When co-expressing multiple proteins with the RTS 500, there may be a reduction in the total amount of an individual protein produced, relative to that same protein expressed alone. However, we have also observed that when only 0.5 mL reaction mixture was added into the 1-mL reaction compartment, the amounts of functional GFP and CAT increased. This was probably due to better aeration and oxidization conditions. Researchers can take advantage of the system's openness to adjust the reaction components, such as amount and ratio of the individual plasmids and co-factors, to balance the expression levels.
β -galactosidase is a large homo-tetrameric protein composed of four identical 116-kDa subunits and requires correct assembly for functional activity. This approximately 150 µ g/mL functional β -galactosidase has been expressed using this system. This data, together with the co-expression data generated in this study, would suggest that the system might be useful for protein-protein interaction studies and possibly allow for the in vitro assembly of hetero-multimeric proteins.
Other researchers have successfully produced eukaryotic and prokaryotic proteins from a wide number of species using the RTS 500 E. coli Circular Template System. The RTS 500 system has produced proteins as large as a 120-kDa DNA polymerase and as small as the cytomegalovirus (CMV) small capsid protein (9.5 kDa). An extensive listing of these and other proteins successfully expressed using the RTS 500 is maintained at http://www.proteinexpression.com. This list also in - cludes proteins that were expressed with much lower yields than those discussed in this paper. It may be necessary to create optimized conditions for generating soluble and correctly folded proteins by including additives such as detergents, protease inhibitors, small molecules, and purified auxiliary proteins to the Rapid Translation System during protein synthesis. Conditions have also been identified that result in successful expression of functionally active recombinant plasminogen activator (rPA). This process requires the correct formation of nine disulfide bonds (18) . During these studies, the RTS 500 demonstrated itself as a powerful tool for protein expression.
